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methylation status by surveying 12 tissues of mice to gain insights into the relationship between expression
and DNA methylation of SATs. We have found that sense and antisense expression positively correlate in
most tissues. However, in some SATs with tissue-speciﬁc expression, the expression level of a transcript from
a CpG island-bearing promoter is low when the promoter DNA methylation is present. In these
circumstances, the expression level of its opposite-strand transcript, especially when it is poly(A)-negative
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simultaneous expression, some antisense transcripts have coordinated expression with its counterpart sense
gene promoter methylation. This cross-strand relationship is not a privilege of imprinted genes but seems to
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Sense–antisense transcripts (SATs) are pairs of transcriptional units
thatfullyorpartiallyoverlapandaretranscribedinoppositedirections(for
areview, see [1]). ToanalyzetranscriptsasSATunitswouldprovideadeep
understanding of gene regulatory network because some functional
relationships between sense and antisense transcripts were inferred in
someSATs [2–5]. Our previous studies demonstrated that 1) a substantial
number of SATs [291 of 1486 (~20%) SATs in humans and 1948 (~15%)
of those in mice] are conserved evolutionarily, 2) about 33% of the
conservedpairs showed similar expressionpatterns betweenhumanand
mouse [6], 3) SATs are found less frequently on the X chromosome in
human andmouse [7], and 4) for approximately 60% of SATs inmice, the
sense:antisense expression ratio ﬂuctuated among tissues and cell types
[6,8]. Theseobservations imply that SATsplaya role in themaintenanceoftissue-speciﬁc gene expression programs and/or possibly in cell
differentiation.
We also previously reported that SATs tend to lack 3′ polyadenylation
(poly(A)-negativeRNA)andarelocalizedtothenucleus[8].Althoughpoly
(A)-negative transcripts are known to be abundantly expressed in
mammalian cells [9], transcriptome analyses have focused mainly on
poly(A)-positivetranscripts.Thisapproachmayneedtoberevisedinview
of a recent report showing that poly(A)-negative transcripts potentially
comprisealmosthalfofthehumantranscriptome[10].Ithasbeenassumed
that many non-protein-coding (npc) transcripts are not polyadenylated
andarelocalizedtothenucleus[11].We,aswellasothers,haveshownthat
many npc transcripts can be detected originating from SAT loci [6,12].
Although the number of tissues analyzed was limited we also observed
tissue-speciﬁc expression of potential poly(A)-negative transcripts from
SAT loci.
The expression of some tissue-speciﬁc genes correlates with DNA
methylation status, which alters during development. DNAmethylation
is generally considered as a repressive epigenetic modiﬁcation and is
critical for the control of gene expression in mammals. Mice lacking the
DNAmethyltransferase that catalysesDNAmethylation die early during
development [13,14]. The status of DNA methylation varies among cell
types and developmental time points [15]. DNA methylation is
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determination at various developmental stages [16], monoallelic
expression of imprinted genes [17], and transposon silencing [18]. The
tissue-speciﬁc differentially methylated regions (tDMRs), which may
confer tissue speciﬁcity to nearby genes, have been identiﬁed by
genome-wide methylation analyses [19–22]. In fact, tDMRs are
observed in sequences up to 2 kb from CpG islands (CGI), regions that
are termed “CGI shores.” The tDMR methylation status of CGI shores
correlates strongly with gene expression [23]. Several studies have
proposed that natural antisense transcripts play a role in epigenetic
modiﬁcations includingDNAmethylation of the sense transcripts [3,24].
For example, antisense transcription at the α2-globin gene (HBA2) in
humanshas beenproposed to result inhypermethylation of aCGIwithin
the promoter of the α2-globin gene that causes α-thalassemia [24].
Therefore, we analyzed the correlation between the expression
pattern of both poly(A)-positive and poly(A)-negative transcripts of
SATs as well as the DNA methylation status of SAT loci on a genome-
wide scale. Since the DNA methylation status of most SAT loci has not
yet been analyzed, we were unable to directly compare SAT
expression and DNA methylation proﬁles by using published data
alone. To resolve this problem we used “MeDIP chip” technology,
whereby immunoprecipitated methylated DNA fragments can be
interrogated directly against microarray platforms [19]. This analysis
implies an important role of a subset of npc transcripts in stabilizing a
transcriptional silencing on its opposite strand in concert with DNA
methylation. Our genome-wide analyses revealed that bidirectional
SAT signals are simultaneously detected in most adult tissues.
However, a subset of npc transcripts which is expressed in a tissue-
speciﬁc manner, was not accompanied by its SAT counterpart, which
in turn, was likely to be reciprocally silenced by promoter DNA
methylation.
2. Results
2.1. Many SATs are simultaneously expressed in the same tissue
The deﬁnition of “sense” and “antisense” has been largely
arbitrary. For example, scientists of the genomic imprinting ﬁeld
commonly use these terminologies to discriminate “protein-coding
(pc)” transcripts (=sense) versus their opposite-strand transcripts,
which are vastly “non-protein-coding (npc).” However, in the
current study, we have not “ﬁxed” the usage of these terms. As a
matter of fact, a large number of SAT pairs consist of two npc
transcripts. Therefore, in this current study, we will independently
assess their protein-coding capabilities. Hence, whenever these
words are originally used in this text, we will simply imply to their
“relativeness”, which is that they are to be mutually transcribed in
the opposite genomic directions with certain degree of overlap.
We have reported previously that two types of pairing arrangement
are observed for SATs [25]. In one type, the exons of each transcript fully
or partially overlap (Fig. S1A–C) and in the other type, the exons do not
overlap (Fig. S1D–F). To make a clear distinction between these two
types of pairing arrangement, we term the former SAT and the latter
bidirectional transcript (BDT). One of major differences between SAT
and BDT is that SATs are capable of making double-stranded RNA
between sense and antisense transcripts, while BDTs are not at least in
the cytoplasm. The importance of the formation of double-stranded
RNA between sense and antisense transcripts for stabilization of the
sense transcript is reported in the recent reports [4,5,26]. Moreover,
SATs are found less frequently in X chromosome than in autosome, but
BDTs are found in similar proportion between autosome and X
chromosome [7]. These observations infer some functional divergence
between SATs and BDTs.
We performed in silico identiﬁcation of SATs and BDTs (Fig. S1G)
using the most recent murine transcript dataset [27]. Our ﬁrst goal
was to globally identify the expression modes of SATs, regardless ofthe association to promoter CpG island, by surveying the expression
data obtained from 12 different normal mouse tissues (brain, thymus,
heart, lung, liver, spleen, stomach, kidney, small intestine, testis and
placenta [10.5 and 13.5 days postcoitum (dpc)]). Our previous study
[8] has provided evidence of abundant nuclear transcripts for SATs
and BDTs (presumably non-polyadenylated and non-spliced), so we
monitored polyadenylated (poly(A)-positive) as well as total
expressed transcripts (poly(A)-positive and poly(A)-negative) on a
genome-wide microarray format for SAT expression analysis (cover-
ing 12,859 independent transcripts out of 4455 SATs and 2833 BDTs
loci). We differentially labeled total RNA using oligo-dT (dT) versus
random nanomer (Rd) primers. The dT method can detect mainly the
poly(A)-positive population, whereas the Rd method can in principle
detect almost all transcripts, including the poly(A)-negative popula-
tion. The signals obtained by both the dT and Rd methods for each
transcript showed good concordance, except for approximately one-
third of transcripts (Fig. S2). Our microarray results obtained by both
labeling methods were validated by conﬁrming the microarray data
using several different methods including real-time qPCR, Northern
blot analysis and in situ hybridization [6,8,28].
If any relationships exist between sense and antisense transcripts
then their expression among 12 tissues should show similar
(simultaneous expression or silencing in a tissue, positive correlation)
or reciprocal (exclusive expression in a tissue, negative correlation)
patterns. However, if there is no relationship between sense and
antisense transcripts then their expression patterns will be indepen-
dent (no correlation). A considerable number of pairs show similar
expression patterns (positive correlation) in both SATs and BDTs
using dT-derived signals (Figs. 1A,C), consistent with recent studies
[29–31].
SATs and BDTs can be categorized according to their relative
orientation and degree of overlap; tail-to-tail (Fig. S1A,D), head-to-
head (Fig. S1B,E) and embedded (Fig. S1C,F) [1]. The head-to-head
population of dT signals showed the highest correlation, which may
be due to sharing between the sense and antisense transcripts of part
of the regulatory elements situated around the 5′ end of the ﬁrst exon
of each cDNA sequence (5′-FCS, which should in principle represent
the putative TSS). This trend towards a positive correlation was also
seen in tail-to-tail and embedded patterns, thus implying the
existence of a cis-acting co-regulatory mechanism and/or a system
that is working in a coordinated manner between sense and antisense
transcription. In the case of Rd signals, although a predominant
number of pairs showing a positive correlation, the distribution of
correlation coefﬁcients was not obviously different among the three
mapping patterns (Figs. 1B,C). We also asked whether the observed
expression modes were related to their protein-coding capacity, but
there was no marked difference among them (Fig. S3). The existence
of many positively correlated SATs and BDTs implies that many sense
and antisense transcripts are not regulated independently but are
regulated sufﬁciently to give simultaneous activation or inactivation
of the gene pair.
All microarray data presented here can be browsed graphically via
“Antisense Viewer” (http://www.brc.riken.go.jp/archives/Kiyosawa/
Genomics_10/).
2.2. SATs and BDTs with an expression balance unique to a speciﬁc tissue
are predominantly found in testis
Our previous studies demonstrated that for approximately 60% of
SATs, the sense:antisense expression ratio ﬂuctuated in different tissue
and cell types inmice [6,8]. This differential expression implies that SATs
and BDTs play a role in the maintenance of tissue-speciﬁc gene
expression programs and/or possibly in cell differentiation. To search
for SATs and BDTs that may be related to tissue speciﬁcity, we deﬁned a
“tissue-unique SAT or BDT (TU-SAT or TU-BDT)” as having a unique
sense:antisense signal ratio among the tissues analyzed. We extracted
Fig. 1. The correlation coefﬁcients between sense and antisense expression. The correlation coefﬁcients among 12 tissues analyzed for each SAT (A,B) and BDT (C,D) were shown in
density plots. If expression patterns among 12 tissues of sense and antisense transcript of a pair are coordinated, the correlation coefﬁcient of the pair would close to 1. While, if
expression patterns among 12 tissues of sense and antisense transcript of a pair are divergent, the correlation coefﬁcient of the pair would be close to−1. Suppose, for instance, a
sense transcript of a pair is expressed in brain but not in the other tissues, in contrast the antisense transcript is expressed in all tissues except brain. The positive correlation fraction
was predominant for both the dT (A,C) and Rd (B,D) methods. These values were calculated according to their mapping pattern. T2T, H2H, and Emb denote tail-to-tail, head-to-head,
and embedded mapping pattern, respectively. Transcripts not detected in all of the 12 tissues were excluded.
335Y. Watanabe et al. / Genomics 96 (2010) 333–341TU-SATs and TU-BDTs based on meeting the following quantitative
criteria: (i) showingmarked expression of either the sense or antisense
transcript (because simultaneous low expression of both transcripts
distorted the expression ratio in this analysis); (ii) having an expression
signal ratio greater than 2 between the sense and antisense transcripts
(or vice versa); (iii)meeting criteria (i) and (ii) in at least three of the 12
tissues evaluated; and (iv) showing an inverse sense–antisense
expression balance in at most one of the 12 tissues compared. From
the 4455 SAT and 2833 BDT loci in the array, we obtained 454 (10.2%)
TU-SATs and 248 (8.8%) TU-BDTs using dT signals, of which 202 (44.5%)
TU-SATs and 101 (40.7%) TU-BDTs showed a testis-speciﬁc expression
balance (Figs. 2A,B). We also obtained 690 (15.5%) TU-SATs and 443
(15.6%) TU-BDTs using Rd signals, of which 204 (29.6%) TU-SATs and
129 (29.1%) TU-BDTs showed a testis-speciﬁc expression balance. We
previously found that expression balances of several SATs are
dramatically altered during spermatogenesis [6,28]. Some of these
testis-speciﬁc TU-SATs and -BDTs may be involved in spermatogenesis
in testis.
2.3. DNA methylation analysis of 12 tissues from normal mice using the
custom-made SAT CGI array
The predominant occurrence of a unique pattern of expression for
SATs and BDTs in testis may be associated with the unique
methylation status in that tissue [32]. The identiﬁcation of a subset
of male germ-line-speciﬁc genes with CGIs has produced a strong
concordance between the status of the CGI methylation of a gene and
its expression [33], which suggests that the same mechanism is also
present in other tissues. To analyze tissue-speciﬁc DNA methylation
status in parallel with the tissue-dependent expression balance in 12
tissues, we performed MeDIP chip analysis of the DNA methylation
status of SAT loci for the 12 tissues used for expression analyses using
a genome-wide microarray format. We designed a microarray chip totargeted CGIs within−6 to +2 kb of the 5′-FCSs. We deﬁned a CGI as
a region longer than 500 bp within −6 to +2 kb of the 5′-FCS that
had a (G+C) fraction of ≥0.55 and an observed/expected ratio (O/E)
of CpG dinucleotides of ≥0.65. This deﬁnition tends to detect CGIs
associated with the 5′ regions of genes [34]. A total of 6248 CGIs were
predicted with around two-thirds of SATs and a half of BDTs predicted
to have CGIs at or near the 5′-FCS of either transcripts (Fig. S4A,B).
Therefore, many of these predicted CGIs could represent promoter
CGIs (Fig. S4C). The methylation status at CGI shores was assayed
using probes located within 1 kb from either end of these CGIs (see
details in Materials and methods and Fig. S5). To evaluate the
methylation status of each probe within the predicted CGIs and CGI
shores (region of interests; ROIs), we scored the log ratio of theMeDIP
signal divided by the input signal, log2 (MeDIP signal/input signal)
hereafter referred to as MeDIP score, for each probe. We validated
these data by performing bisulﬁte sequencing analysis for 62 probes
from 9 regions (Table S1). The direct comparison between MeDIP
score and bisulﬁte-methylation status of CpG sites at each probe
analyzed suggested that our MeDIP chip results fairly reﬂect the
endogenous state of DNA methylation (r=0.83, Pb2.2×10−16
[Pearson's product–moment correlation] Fig. S6,7). Moreover, a
comparison of our data to recently published whole genome bisulﬁte
sequencing analysis [35] also showed a good agreement (Fig. S8).
There is little difference among three mapping patterns for
both SATs and BDTs (Fig. S9). We identiﬁed 1328 tDMRs from SATs
and BDTs (see Materials and methods for tDMR identiﬁcation).
These tDMRs are signiﬁcantly overlapped (Fisher's exact test
P=3.5×10−12) with CGI shores (the peripheral region of the
CGIs) as was proposed recently by Irizarry et al. [23]. Among these
tDMRs, 67 ROIs were found with testis-speciﬁc methylation pattern.
Among these, 11 ROIs were testis-speciﬁcally hypermethylated and
56 ROIs were testis-speciﬁcally hypomethylated. These results are
consistent with the previous report that testis have a unique
BA
Fig. 2. The extraction of TU (tissue-unique)-SATs and BDTs. A ﬂowchart for screening
TU-SATs and TU-BDTs are shown in (A). Firstly, pairs having signals greater than 100 at
either transcript were selected from 4455 SATs and 2833 BDTs. Secondly, pairs having
an expression signal ratio greater than 2 between the sense and antisense transcripts
(or vice versa) were selected. Finally, pairs showing an inverse sense–antisense
expression balance in at most one of the 12 tissues we compared were selected. The
number of TU-SATs and TU-BDTs are shown (B). Colored bars indicate TU-SAT obtained
by the dT method (blue), that by the Rd method (red), TU-BDT obtained by the dT
method (green) and by the Rd method (purple). Many of the TU-SATs and TU-BDTs
were found in the testis.
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that showed testis-speciﬁc hypermethylation at their ROIs was not
clear among the 12 tissues analyzed. (Wilcoxon rank sum test,
PN0.5) (Figs. 3A,B). Whereas, the dT signals of the 56 genes showing
testis-speciﬁc hypomethylation at their ROIs were signiﬁcantly
higher in testis than in the other tissues (Wilcoxon rank sum test,
P=5.0×10−10) (Fig. 3C). The difference between the Rd signals
from these 56 testis-speciﬁc hypomethylated loci was not large, but
was still statistically signiﬁcant (Wilcoxon rank sum test, P=0.005)
(Fig. 3D). The dT signals of the antisense transcripts of the 56 genes
showing testis-speciﬁc ROI hypomethylation were signiﬁcantly
higher in testis than in other tissues, in concordance with the
positive correlation between sense and antisense expression
observed in Fig. 1 (Wilcoxon rank sum test, P=0.0005) (Fig. 3E).The Rd signals of these antisense transcripts in testis were not
signiﬁcantly different from those in other tissues (Fig. 3F).
All microarray data presented here can be browsed graph-
ically, together with expression microarray data discussed above,
via “Antisense Viewer” (http://www.brc.riken.go.jp/archives/
Kiyosawa/Genomics_10/).2.4. RNA transcripts represented by oligo-dT and random nanomer
priming methods differ in the methylation status of the promoter region
of their loci
Wehave shown that the SATs and BDTs expression proﬁles obtained
by the dT and Rd methods were similar but not identical. From these
data we propose that the genes giving rise to poly(A)-positive and poly
(A)-negative transcripts are regulated differentially. To reveal the
mechanism underlying this difference we compared the expression
proﬁles of theRNApopulations obtainedby the dTandRdmethodswith
the DNA methylation status of their loci. In the case of the dT method,
expression signals showed a negative correlation with the level of DNA
methylation (Figs. 4A,B). This negative correlation became more
profound when only the methylation status at CGI shores was assessed.
ThisisinagreementwitharecentreportthatthemethylationstatusatCGI
shoresismorerelatedtogeneexpressionratherthanatothersites[23]. In
contrast, the negative correlationwas not so clear in Rd signals (Figs. 4C,
D). The low level correlation between DNA methylation and Rd signals
might be due to the presence of unannotated transcripts at SAT and BDT
loci.We foundmultiple transcripts of varying sizeswithTSSsdistributed
within the SAT and BDT loci [6,8]. These transcripts were generally poly
(A)-negative and unannotated and consequently were detectedmainly
by theRdmethodbut not by the dTmethod. In this study, targets of DNA
methylation analysis were selected based on the cDNA sequences
deposited in the database. Therefore, some of the Rd signals could be
independent of the methylation status of our ROIs, whichmight lead to
the low level correlation between themethylation status of ROIs and Rd
signals.
In order to understand the regulation of sense and antisense
transcripts, we examined the relationship between the methylation
status at the 5′-FCSs of sense transcripts and antisense transcript
expression (Fig. 5). In this analysis, we conditionally deﬁned sense
transcripts as having CGIs near the 5′-FCSs and antisense transcripts as
being transcribed in the opposite direction and overlapping with the
transcriptional region of the sense transcripts. The dT signals of
antisense transcripts were tended to be decreased according with the
methylation status of the sense transcripts (Figs. 5A,B). Surprisingly, the
Rd signals of antisense transcripts increased when the sense ROIs were
hypermethylated (Fig. 5D). This tendency becamemore profoundwhen
only the methylation status at CGI shores was assessed, as observed in
the analysis of sense expression. This observation indicates that in some
SATs, the reduced expression of sense transcripts together with
hypermethylation at their gene promoters correlates with increased
antisense expression, especially of poly(A)-negative transcripts. We
found 15 SATs and three BDTs that showed hypermethylation at their
CGI shores (the right edge fraction of Fig. 5D, average of MeDIP score at
shores ≥2.0). To conﬁrm this observation, we analyzed these 18 pairs
for evidence of a relationship between the methylation status of sense
transcripts and the expression of sense and antisense transcripts using
all of the tissue data (Fig. 6). Again, we observed a signiﬁcant negative
correlation between methylation status at sense ROIs and sense dT
signals (r=−0.27, P=6.6×10−6) and a signiﬁcant positive correlation
between methylation status at sense ROIs and antisense Rd signals
(r=0.17, P=0.004). However, we could not distinguish whether the
high antisense expression was the result of hypermethylation on the
sense ROI or the cause of it. Relevant to this is the report that increased
CGI methylation of the α2-globin gene is caused by its antisense
transcript, which leads to α-thalassemia in humans [24].
Fig. 3. Expression signals of genes with testis-speciﬁc methylation pattern. Expression signals obtained by the dT and Rd methods from each tissue were shown in boxplots. The
x-axis shows the expression signals logarithmically (log2) with the median indicated by the thick bar. Open circles represent outliers. The expression signals obtained by dT
(A) and Rd (B) methods of 11 sense transcripts that showed testis-speciﬁc hypermethylation at their ROIs are not signiﬁcantly different between testis and the other tissues.
The expression signals of sense transcripts obtained by dT (C) and Rd (D) methods of 56 sense transcripts that showed testis-speciﬁc hypermethylation at their ROIs are
signiﬁcantly higher than for the other tissues. The dT signals of antisense transcripts from the 56 testis-speciﬁcally hypomethylated sense transcript loci are also signiﬁcantly
higher in testis than in other tissues (E) but this is not the case for the Rd method (F). † Pb5.0×10−10. * Pb0.005. + Pb0.0005.
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We have carried out genome-wide analysis of the transcription of
SATs and BDTs as well as the status of DNA methylation around these
loci. We found a positive correlation in the expression of sense and
antisense transcripts in both SATs and BDTs, which suggests that the
popularly known examples of negative regulation by the antisense
transcripts e.g. Xist/Tsix [2] or p15/p15AS (Cdkn2b/Cdkn2bAS) [3] are
exceptional in the normal cellular state. Nevertheless, it is possible
that such negative regulation by antisense transcripts occurs during
the developmental stage or in unusual cellular states, e.g., in tumors or
apoptotic cells.
This positive correlation pattern appeared counterintuitive be-
cause physical interference in transcription by RNA polymerase II
(PolII) working on both strands (collision of RNA PolII molecules) was
likely if simultaneous transcription occurred at convergent loci [36].
Approximately 10% of genes of the human genome aremonoallelically
expressed [37], but we found more than 10% of positively correlated
SATs and BDTs, suggesting that there are more monoallelically
expressed genes in mouse than in human or the favor of “collision.”We cannot rule out the possibility that these sense and antisense
transcripts are expressed exclusively in different cells within a tissue.
An additional mechanism for the observed positive correlation has
been proposed recently by Gagneur et al. [38]. Gene expression from a
hybrid-yeast genome was examined in an allelic- and strand-speciﬁc
fashion, thereby discriminating between the four strands of a diploid
genome. They have found that some SAT genes have an “anti-
symmetric allele-speciﬁc expression pattern.” This means that in
yeast, the expression mode of SAT genes is not necessarily conserved
between alleles. If this occurs in mammalian systems, then the
expression proﬁles will be included as positively correlative SATs. This
possibility remains valid in our current study.
It is possible that simultaneously expressed sense and antisense
transcripts interact post-transcriptionallywith each other. An example of
this phenomenon occurs with the antisense transcript of the inducible
nitricoxidesynthasegene(iNOSAS),which isco-expressedwiththesense
transcript, iNOS (Nos2), in response to IL-1β induction [4]. The iNOSAShas
been suggested to form a secondary stem-loop structure and to stabilize
the iNOSmRNAsviainteractionbetweentheseloopsandloopsof3′-UTRof
iNOS. A positive interaction between sense and antisense transcripts was
0Fig. 4. The association between methylation status of ROIs and the downstream transcripts expression. Each ROI was analyzed separately for inside (CGI) (A,C) and outside (shore)
(B,D) of the CGI. MeDIP score of each CGI and shore were averaged for each tissue. The x and y axis show the averaged MeDIP score and expression signal of the downstream genes,
respectively. Open circles represent outliers. The most obvious reduction of expression signal according to MeDIP score is seen between dT signals and the CGI shore (B). The
reduction of Rd signals was less clear than dT signals.
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mechanism they proposed was different from that of iNOS/iNOS AS.
Although thenumber of examples is small yet, there are indications that a
positive interaction between sense and antisense may bemore common
thanwe thought.
The increasedmethylationat the sense5′-FCSand increasedantisense
Rdsignals(Fig.6D)mayberelatedtothelowmethylationlevelatthesense
gene-body.Methylationstatusofthegene-bodyandthe3′-endofthegene
athighlyexpressedlocimightberelatedtoantisensetranscription[39–41].
The methylation levels are very low at the TSS of highly expressed genes
and high at the gene-body. In contrast, themethylation levels are high at
theTSSofpoorlyexpressedorinactivegenesandrelativelylowatthegene-
body.Manypoly(A)-negativetranscriptsfromseveralTSSsatSATandBDT
loci have been observed and therefore it is likely that antisense
transcription occur from the poorlymethylated sense gene-body region.
Alternatively, the high methylation status around the 5′-FCS of
sense transcripts may occur to promote antisense transcription by
preventing the sense transcripts that result in avoidance of RNA PolII
collisions. Of the 18 pairs that showed positive correlation between
methylation status at sense ROIs and antisense Rd signals (Fig. 6D), 14
pairs of the antisense transcripts have protein-coding capacity. This
indicates that these sense ROIs are located at the gene-body or the 3′
region of the antisense protein-coding (pc) transcripts. We also found
that 17.7% (232/1313) and 9.9% (252/2574) of SATs and BDTs
antisense promoter CGIs were located in the gene-body of pc genes
that annotated as the embedded pattern (see models in Fig. S5H,I).
This relationship is reminiscent of the genomic imprinted gene pair of
insulin-like growth-factor type-2 receptor (Igf2r) and its antisense
counterpart, antisense Igf2r RNA Air (Airn). Igf2r is a maternally
expressed pc RNA [42], whereas Air is a paternally expressed npc RNA[43], which exhibits an allelic-exclusive expression pattern. A CGI
within the Igf2r intron 2 is methylated on the expressed maternal
allele, [44]. Later, the same CGI was shown to be located within the
promoters of Air [45]. Because Air RNA is required for silencing the
maternal Igf2r allele [46], the location of the CGI explains a seemingly
contradictory situation of DNA methylation of a CGI on the expressed
allele. This situation is similar to the npc–pc-categorized SATs here
(Note that Air would be categorized as a “sense” transcript by the
deﬁnition used here) and hence could be amore general phenomenon
rather than an exception reserved for monoallelic gene expression.
Illingworth et al. [47] demonstrated that differentially methylated
CGIs tend to be located at the 3′ end or intragenic region of pc genes
rather than in the 5′ region. We propose that part of this unexpected
observation might be explained by antisense transcripts and their
promoter CGIs. This raises the possibility that almost all CGIs may
correspond to gene promoters but for this to be determined, the full
repertoire of the SAT transcriptome needs to be clariﬁed. In the
present study, we lacked precise information about poly(A)-negative
transcripts and direct evidence of the methylation status at the gene-
body. The paucity of examples exhibiting this DNA methylation/SAT
expression proﬁles is a consequence of our focusing on the ROIs to
SATs with overt CGIs around their promoters. At the timewe designed
our array platforms, the fact that tDMRs most likely reside outside the
CGI was not ﬁrmly established [23]. Therefore, in the future, it would
be very interesting to examine the generality of this phenomenon by
employing MeDIP coupled with deep-sequencing technology.
We used fully developed tissues from adult mice in this analysis and
since the various cell types that comprise a tissue each have a speciﬁc
transcription andmethylationproﬁle, thedataweobtained is the sumof
the various cell types in a tissue. Analyses using only one or a few types
Fig. 5. The association between methylation status of ROIs and the antisense expression. Each ROI was analyzed separately for inside (CGI) (A,C) and outside (CGI shore) (B,D) of the
CGI. MeDIP score of each CGI and shore were averaged for each tissue. The x and y axis indicate the averaged MeDIP score value and expression signal of the antisense transcripts,
respectively. Open circles represent outliers. A reduction according to methylation was observed in dT signals (A,B). In contrast, the Rd signals were increased in the highly
methylated fraction (D).
Fig. 6. Scatter plots of methylation and expression status of selected 18 pairs.
Methylation status at CGI shores of the sense transcripts were used for this analysis. The
sense dT (A) and Rd (B) signals are decreased as methylation increases at CGI shores
near the sense 5′-FCS. In contrast, antisense Rd signals (D) are increased as methylation
increases at CGI shores near the sense 5′-FCS.
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vitrodifferentiation systemswill help to clarify the relationship between
antisense transcription and DNAmethylation. The precise transcription
units and alternative splicing isoforms will also be needed for SAT
analysis. Finally, we would like to emphasize the importance of
considering the SAT expression of both poly(A)-positive and poly(A)-
negative transcripts in combination with known epigenetic regulators,
such as histone modiﬁcation and DNA methylation, in order to have a
systematic understanding of the gene regulatory network.
4. Materials and methods
4.1. Tissue samples
All animals were handled in strict accordance with RIKEN
Regulations for the Animal Experiments, and all animal work was
approved by the RIKEN Animal Experiments Committee. C57BL/6 J Jc1
mice were obtained from CLEA Japan (Tokyo, Japan). We harvested
the brain, thymus, heart, lung, liver, spleen, stomach, kidney, small
intestine, testis and placenta [10.5 and 13.5 days postcoitum (dpc)]
from male and female C57BL/6 J Jc1 mice (8 to 10 weeks old). DNA
was extracted by conventional methods. Brieﬂy, freshly isolated
tissues were minced in lysis buffer (50 mM Tris–HCl, 20 mM EDTA,
0.1 M NaCl, 1% SDS) and incubated in proteinase K (ﬁnal concentra-
tion, 100 μg/mL in lysis buffer) at 55 °C overnight, followed by
phenol–chloroform extraction and ethanol precipitation. Total RNA
was extracted by using Trizol (Invitrogen) according to the manufac-
turer's instructions.
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We initially performed in silico identiﬁcation of SATs and BDTs, as
described previously [6], using themost recent set of full-length cDNA
collections [27], NCBI RefSeq mRNA [48], and the UniGene collection
[49]. This process identiﬁed 5351 SATs and 3994 BDTs in mouse. The
protein-coding capacity for each transcript was estimated according
to the GenScan prediction and the rsCDS prediction, which uses
homology searches against the protein databases [50].
4.3. Microarray design for SAT expression and CGI arrays
The SAT expression and CGI arrays were designed based on the
genome assembly of mm6 at USCG Genome Informatics using eArray
(Agilent Technologies). The 44k format was used for the SAT
expression array and the 244k for the CGI array. Probes that were
homologous to repeat sequences or that showed 100% similarity over
30 nt to more than two loci in the genome were excluded. We have
successfully designed oligonucleotide probes from 12,859 indepen-
dent transcripts out of 4455 SATs and 2833 BDTs loci for expression
array. For the CGI array, we placed probes within predicted CGIs near
the 5′-FCS of sense transcripts and in the 1 kb regions adjacent to each
end of these CGIs (CGI shore) to detect peripheral methylated
cytosines [together, a CGI and its peripheral regions comprise a
region of interest (ROI)]. The probe number ratio between the CGI and
the shore was approximately 4:6.
4.4. Hybridization procedure for SAT expression array and analysis
The hybridization protocol was that used in our previous study [6,8].
The RNA samples used for the mouse oligo-microarray experiments
were extracted from brain, thymus, heart, lung, liver, spleen, stomach,
kidney, small intestine, testis, placenta (10.5 and 13.5 dpc) and amouse
ﬁbroblast cell line (SL10). Total RNA samples were labeled with a single
color [Cy-3], hybridized to the oligo DNA on the oligo-microarray,
scanned, and dye-normalized. Low RNA Input Linear Ampliﬁcation Kit
(Agilent Technologies) and CyScribe First-Strand cDNA Labeling Kit
(Amersham) were used for oligo-dT and random nanomer labeling,
respectively. Processed signals were obtained by using Feature
Extraction software 9.5.3.1 (Agilent Technologies).
The numerical processed signal values (gProcessedSignal) of
Agilent Feature Extraction Files were obtained as representative
expression levels for each probe within the array. If a spot showed a
signal lower than ﬁve, or if there is no signiﬁcant differences between
foreground and background signals, intensity value was adjusted to
ﬁve (those probes are treated as “absent probes”). To perform
normalization of signal intensity distribution between multiple
arrays, the whole mean signal of every hybridization experiment
was adjusted to that of the data from SL10 by oligo-dT priming. Probes
show a signal lower than ﬁve and ﬂagged as “saturated” were
discarded for the inter-array-normalization step.
4.5. Methylated DNA immunoprecipitation (MeDIP)
Genomic DNAwas sonicated (Bioruptor, Cosmo Bio) to produce short
random fragments. Sonicated DNA samples were size-fractionated by
agarose gel electrophoresis and excision (200 to 1000 bp). To avoid DNA
damage by UV light, gels were stained by using SYBR Safe Gel Stain
(Invitrogen) and excised on a blue-light transilluminator (Safe Imager,
Invitrogen). Excised DNA fragments were puriﬁed using MinElute Gel
Extraction Kit (Qiagen).
To form antibody-bead complexes, we incubated 10 μg of mouse
anti-5-methylcytidine monoclonal antibody (Eurogentec) with 150 μL
of DynabeadsM-280 Sheep anti-Mouse IgG (Dynal Biotech) in 400 μL of
ice-cold 1× PBS-T (140 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4,
1.8 mM KH2PO4, 0.05% Tween-20) on a rotator at 4 °C overnight. Weused 20 μg of fragmented DNA for each methylated immunoprecipita-
tion experiment. Fragmented DNA was denatured for 10 min at 95 °C
followed by chilling on ice for 3 min before immunoprecipitation.
Fragmented, denatured DNA was incubated with antibody-bead
complexes in 500 μL of PBS-T on a rotator at 4 °C overnight. Themixture
was washed three times with ice-cold PBS-T. DNA-antibody-bead
complexes were treated twice with 150 μL of elution buffer (10 mM
DTT, 1% SDS, 0.1 M NaHCO3) at 65 °C with constant shaking for 15 min
followedbyproteinaseK treatment for 3 hat50 °C. Immunoprecipitated
DNA was puriﬁed by standard phenol–chloroform extraction followed
by ethanol precipitation. DNA qualities and concentrations were
assessed by using a NanoDrop apparatus (Thermo Scientiﬁc).
4.6. MeDIP chip experiments and analyses
Input and immunoprecipitated methylated DNA samples were
labeled, hybridized, washed, and scanned as described in Mammalian
ChIP-on-chip Protocol version 9.2 (Agilent Technologies). Equal
amounts of input and MeDIP samples were labeled with Cy-3 dCTP
and Cy-5 dCTP, respectively, and washed by using a BioPrime Array
CGH Genomic Labeling Module (Invitrogen). Labeled samples were
mixed and hybridized to the 244k custom promoter array (Agilent)
with constant rotation (20 rpm) at 65 °C for 40 h The array slides were
washed with a four-step procedure: once in Wash Buffer 1 (Agilent
Technologies) at room temperature for 5 min, once in Wash Buffer 2
(Agilent Technologies) at 31 °C for 5 min, once in acetonitrile (Sigma)
at room temperature for 1 min, and once in Stabilization and Drying
solution (Agilent Technologies) at room temperature for 30 s.Washed
array slides were scanned and analyzed with an Agilent Microarray
Scanner (Agilent Technologies) and Feature Extraction 9.5.3.1
(Agilent Technologies), respectively. Z-normalization (mean MeDIP
score, 0; variance of MeDIP score, 1) was used for between-array
normalization. Technical duplication of MeDIP chip analysis was
performed by using the same genomic DNA from male kidney, which
showed very high reproducibility (r=0.98, Pb2.2×10−16 [Pearson's
product–moment correlation]).
The tDMRs were deﬁned according to the standard deviation (SD)
for each MeDIP probe. Probes that gave an SD greater than 0.3 were
selected as probes for the putative tDMR (tDMR-probes). We deﬁned
tDMRs as regions with two or more tDMR-probes in single ROI. These
regions were identiﬁed for further analyses, including methylation
status heatmaps. In order to detect tDMRs on the X chromosome, male
MeDIP score were used. To perform statistical tests, probes that gave
an SD less than 0.1 were selected as non-tDMR control probes.
4.7. Bisulﬁte genomic sequencing analysis
We performed bisulﬁte genomic sequencing analysis of DNA
extracted from several tissues to validate the MeDIP chip data (Fig. S6,
S7 and Table S1). One μg of genomic DNA from each tissue was
treated with sodium bisulﬁte using the EpiTect Bisulﬁte Kit
(QIAGEN). Primers for bisulﬁte sequencing were designed using
MethPrimer (http://www.urogene.org/methprimer) and we generated
nine primer pairs. We analyzed, in total, 62 probes from 9
regions by bisulﬁte sequencing analysis (Table S1).
According to the results of bisulﬁte sequencing, we tentatively
allocated MeDIP score into four classes: I) a MeDIP score less than 0
indicates sequences nearly free of methylation; II) MeDIP score from
0–1 indicate minimal methylation (0% to 30%); III) MeDIP score from
1–2 indicatemoderatemethylation (30% to 70%); and IV)MeDIP score
greater than 2 indicate heavymethylation (70% to 100%). Most probes
(46%) belonged to class I (nearly free of methylation), followed by
class II (minimal methylation, ~40% of probes). Because our ROIs were
targeted mainly on CGIs, this result most likely reﬂects the normal
methylation states of CGIs in the mouse, because CpGs in CGIs in
normal tissues in vertebrates are nearly free of methylation. To avoid
341Y. Watanabe et al. / Genomics 96 (2010) 333–341misinterpretation, we regard MeDIP score that were less than 0 as
being 0, i.e., MeDIP score 0 and −2 were not considered different.
4.8. Further information
The data discussed in this publication have been deposited in NCBI's
Gene Expression Omnibus [51] and are accessible through GEO Series
accession number GSE14392. All of the microarray data presented here
is also available graphically via “Antisense Viewer” (http://www.brc.
riken.go.jp/archives/Kiyosawa/Genomics_10/).
Acknowledgments
We are grateful to Kouichi Tatsuguchi, Yukiaki Kikuta (C's Lab
Co. Ltd.), and the staff at Hokkaido System Science Co. Ltd for technical
and experimental support. We are also grateful to our anonymous
reviewers for critical comments. This research was supported in part
by grants from the Non-coding RNA project by the New Energy and
Industrial Technology Development Organization (NEDO) of Japan to
H. Kiyosawa, and Research Fellowship of the Japan Society for the
Promotion of Science (JSPS) for Young Scientists to K.N.
Appendix A. Supplementary data
Supplementary data to this article can be found at doi:10.1016/
j.ygeno.2010.08.007.
References
[1] M. Lapidot, Y. Pilpel, Genome-wide natural antisense transcription: coupling its
regulation to its different regulatory mechanisms, EMBO Rep. 7 (2006) 1216–1222.
[2] T. Sado, Z. Wang, H. Sasaki, E. Li, Regulation of imprinted X-chromosome
inactivation in mice by Tsix, Development 128 (2001) 1275–1286.
[3] W. Yu, et al., Epigenetic silencing of tumour suppressor gene p15 by its antisense
RNA, Nature 451 (2008) 202–206.
[4] K. Matsui, et al., Natural antisense transcript stabilizes inducible nitric oxide
synthase messenger RNA in rat hepatocytes, Hepatology 47 (2008) 686–697.
[5] S. Mahmoudi, S. Henriksson, M. Corcoran, C. Méndez-Vidal, K.G. Wiman, et al.,
Wrap53, a natural p53 antisense transcript required for p53 induction upon DNA
damage, Mol. Cell 33 (2009) 462–471.
[6] Y. Okada, et al., Comparative expression analysis uncovers novel features of
endogenous antisense transcription, Hum. Mol. Genet. 17 (2008) 1631–1640.
[7] H. Kiyosawa, K. Abe, Speculations on the role of natural antisense transcripts in
mammalian X chromosome evolution, Cytogenet. Genome Res. 99 (2002) 151–156.
[8] H. Kiyosawa, N. Mise, S. Iwase, Y. Hayashizaki, K. Abe, Disclosing hidden
transcripts: mouse natural sense-antisense transcripts tend to be poly(A)
negative and nuclear localized, Genome Res. 15 (2005) 463–474.
[9] P.K. Katinakis, A. Slater, R.H. Burdon, Non-polyadenylated mRNAs from eukaryotes,
FEBS Lett. 116 (1980) 1–7.
[10] J. Cheng, et al., Transcriptional maps of 10 human chromosomes at 5-nucleotide
resolution, Science 308 (2005) 1149–1154.
[11] J.M. Johnson, S. Edwards, D. Shoemaker, E.E. Schadt, Dark matter in the genome:
evidence of widespread transcription detected by microarray tiling experiments,
Trends Genet. 21 (2005) 93–102.
[12] T. Itoh, et al., Curated genomeannotationofOryza sativa ssp. japonica andcomparative
genome analysiswithArabidopsis thaliana, GenomeRes. 17 (2007) 175–183.
[13] E. Li, T.H. Bestor, R. Jaenisch, Targeted mutation of the DNA methyltransferase
gene results in embryonic lethality, Cell 69 (1992) 915–926.
[14] M. Okano, D.W. Bell, D.A. Haber, E. Li, DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian development, Cell
99 (1999) 247–257.
[15] A. Bird, DNA methylation patterns and epigenetic memory, Genes Dev. 16 (2002)
6–21.
[16] M. Monk, M. Boubelik, S. Lehnert, Temporal and regional changes in DNA
methylation in the embryonic, extraembryonic and germ cell lineages during
mouse embryo development, Development 99 (1987) 371–382.
[17] E. Li, C. Beard, R. Jaenisch, Role for DNA methylation in genomic imprinting,
Nature 366 (1993) 362–365.
[18] C.P. Walsh, J.R. Chaillet, T.H. Bestor, Transcription of IAP endogenous retroviruses
is constrained by cytosine methylation, Nat. Genet. 20 (1998) 116–117.[19] M. Weber, et al., Chromosome-wide and promoter-speciﬁc analyses identify sites
of differential DNA methylation in normal and transformed human cells, Nat.
Genet. 37 (2005) 853–862.
[20] B. Khulan, et al., Comparative isoschizomer proﬁling of cytosine methylation: the
HELP assay, Genome Res. 16 (2006) 1046–1055.
[21] A. Meissner, et al., Genome-scale DNA methylation maps of pluripotent and
differentiated cells, Nature 454 (2008) 766–770.
[22] S. Yagi, et al., DNA methylation proﬁle of tissue-dependent and differentially
methylated regions (T-DMRs) in mouse promoter regions demonstrating tissue-
speciﬁc gene expression, Genome Res. 18 (2008) 1969–1978.
[23] R.A. Irizarry, et al., The human colon cancer methylome shows similar hypo- and
hypermethylation at conserved tissue-speciﬁc CpG island shores, Nat. Genet. 41
(2009) 178–186.
[24] C. Tufarelli, et al., Transcription of antisense RNA leading to gene silencing and
methylation as a novel cause of human genetic disease, Nat. Genet. 34 (2003)
157–165.
[25] H. Kiyosawa, et al., Antisense transcripts with FANTOM2 clone set and their
implications for gene regulation, Genome Res. 13 (2003) 1324–1334.
[26] M. Beltran, et al., A natural antisense transcript regulates Zeb2/Sip1 gene
expression during Snail1-induced epithelial–mesenchymal transition, Genes
Dev. 22 (2008) 756–769.
[27] P. Carninci, et al., The transcriptional landscape of the mammalian genome,
Science 309 (2005) 1559–1563.
[28] K. Numata, et al., Identiﬁcation of novel endogenous antisense transcripts by DNA
microarray analysis targeting complementary strand of annotated genes, BMC
Genomics 10 (2009) 392.
[29] J. Chen, M. Sun, L.D. Hurst, G.G. Carmichael, J.D. Rowley, Genome-wide analysis of
coordinate expression and evolution of human cis-encoded sense-antisense
transcripts, Trends Genet. 21 (2005) 326–329.
[30] S. Katayama, et al., Antisense transcription in the mammalian transcriptome,
Science 309 (2005) 1564–1566.
[31] S. Oeder, J. Mages, P. Flicek, R. Lang, Uncovering information on expression of
natural antisense transcripts in Affymetrix MOE430 datasets, BMC Genomics
8 (2007) 200.
[32] C.C. Oakes, S. La Salle, D.J. Smiraglia, B. Robaire, J.M. Trasler, A unique conﬁguration
of genome-wide DNA methylation patterns in the testis, Proc. Natl Acad. Sci. USA
104 (2007) 228–233.
[33] C. de Smet, C. Lurquin, B. Lethé, V. Martelange, T. Boon, DNA methylation is the
primary silencing mechanism for a set of germ line- and tumor-speciﬁc genes
with a CpG-rich promoter, Mol. Cell. Biol. 19 (1999) 7327–7335.
[34] D. Takai, P.A. Jones, Comprehensive analysis of CpG islands in human chromo-
somes 21 and 22, Proc. Natl Acad. Sci. USA 99 (2002) 3740–3745.
[35] C. Popp, et al., Genome-wide erasure of DNA methylation in mouse primordial
germ cells is affected by AID deﬁciency, Nature 463 (2010) 1101–1105.
[36] E.M. Prescott, N.J. Proudfoot, Transcriptional collision between convergent genes
in budding yeast, Proc. Natl Acad. Sci. USA 99 (2002) 8796–8801.
[37] A. Gimelbrant, J.N. Hutchinson, B.R. Thompson, A. Chess, Widespread monoallelic
expression on human autosomes, Science 318 (2007) 1136–1140.
[38] J. Gagneur, et al., Genome-wide allele- and strand-speciﬁc expression proﬁling,
Mol. Syst. Biol. 5 (2009) 274.
[39] R. Straussman, et al., Developmental programming of CpG island methylation
proﬁles in the human genome, Nat. Struct. Mol. Biol. 16 (2009) 564–571.
[40] T.A. Rauch, X. Wu, X. Zhong, A.D. Riggs, G.P. Pfeifer, A human B cell methylome at
100-base pair resolution, Proc. Natl Acad. Sci. USA 106 (2009) 671–678.
[41] R.S. Illingworth, A.P. Bird, CpG islands—'a rough guide', FEBS Lett. 583 (2009)
1713–1720.
[42] D.P. Barlow, R. Stöger, B.G. Herrmann, K. Saito, N. Schweifer, The mouse insulin-
like growth factor type 2 receptor is imprinted and closely linked to the Tme locus,
Nature 349 (1991) 84–87.
[43] A. Wutz, et al., Imprinted expression of the Igf2r gene depends on an intronic CpG
island, Nature 389 (1997) 745–749.
[44] R. Stöger, et al., Maternal-speciﬁc methylation of the imprinted mouse Igf2r locus
identiﬁes the expressed locus as carrying the imprinting signal, Cell 73 (1993)
61–71.
[45] R. Lyle, et al., The imprinted antisense RNA at the Igf2r locus overlaps but does not
imprint Mas1, Nat. Genet. 25 (2000) 19–21.
[46] F. Sleutels, R. Zwart, D.P. Barlow, The non-coding Air RNA is required for silencing
autosomal imprinted genes, Nature 415 (2002) 810–813.
[47] R. Illingworth, et al., A novel CpG island set identiﬁes tissue-speciﬁc methylation
at developmental gene loci, PLoS Biol. 6 (2008) e22.
[48] K.D. Pruitt, T. Tatusova, D.R. Maglott, NCBI reference sequences (RefSeq): a
curated non-redundant sequence database of genomes, transcripts, and proteins,
Nucleic Acids Res. 35 (2007) D61–D65 (Database issue).
[49] D.L. Wheeler, et al., Database resources of the National Center for Biotechnology,
Nucleic Acids Res. 31 (2003) 28–33.
[50] M. Furuno, et al., CDS annotation in full-length cDNA sequence, Genome Res. 13
(2003) 1478–1487.
[51] R. Edgar, M. Domrachev, A.E. Lash, Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository, Nucleic Acids Res. 30
(2002) 207–210.
